ABSTRACT: A range of different superwettabilities were obtained on femtosecond laser-structured Al surfaces. The formation mechanism of each superwetting state is discussed in this paper. It is revealed that the underwater oil droplet and bubble wettabilities of a solid surface have a close relationship with its water wettability. The laser-induced hierarchical microstructures showed superhydrophilicity in air but showed superoleophobicity/superaerophobicity after immersion in water. When such microstructures were further modified with a low-surface-energy monolayer, the wettability of the resultant surface would turn to superhydrophobicity with ultralow water adhesion in air and superoleophilicity/superaerophilicity in water. The understanding of the relationship among the above-mentioned six different superwettabilities is highly important in the design of various superwetting microstructures, transforming the structures from one superwetting state to another state and better using the artificial superwetting materials.
■ INTRODUCTION
There are three common states of matter in our daily life, i.e., solid, liquid, and gas. They often coexist, forming different solid/liquid/gas interfaces. Among them, the different wettabilities at the solid/liquid/gas interfaces have rich practical applications, e.g., liquid repellence, 1 small droplet manipulation, 2−4 self-cleaning materials, 5, 6 oil/water separation, 7−9 anti-icing, 10 microfluidics, 11, 12 cell engineering, 13−15 fog harvest, 16 and underwater gas collection. 17, 18 In nature, the surface of the lotus leaf has excellent superhydrophobicity, which allows water droplets to easily roll off the lotus leaf and take contaminations away. 19 The great water repellency and the self-cleaning function of the lotus leaf are caused by the collective effects of the binary microstructures (including the microscale papillae and the nanoscale branches) and the hydrophobic wax-crystal coating on its surface. 20−22 In addition, fish skin resists oil contamination because the fish scales show underwater superoleophobicity that endow fish scales with great anti-oil ability in water. 23 It is found that a lot of oriented micropapillae with fine nanoscale pimples are distributed on the fish scales. 23, 24 Recently, we demonstrated that lotus leaves also show underwater superaerophilicity and can capture bubbles in water, while fish scales exhibit underwater superaerophobicity and have the ability to prevent the bubbles from adhering to fish skin. 22 Inspired by nature, researchers have produced various kinds of superwettabilities, including superhydrophilicity/phobicity, underwater superoleophilicity/phobicity, and underwater superaerophilicity/ phobicity. 25−31 One or two kinds of these superwettabilities are usually obtained on a solid surface by the formation of proper microstructures. However, achieving the superhydrophilicity, superhydrophobicity, underwater superoleophilicity, underwater superoleophobicity, underwater superaerophilicity, and underwater superaerophobicity on the same microstructured pattern still remains a challenge. The relationship between the above-mentioned different superwettabilities should be clearly revealed, which is important in the design of different superwetting microstructures, the interconversion between different superwettabilities, and better application of the artificial superwetting materials.
In this paper, a hierarchical microstructured pattern was simply created on an Al surface via femtosecond (fs) laser pulses. The original laser-structured surface was superhydrophilic in air and had superoleophobicity/aerophobicity in water. When the surface was further modified with fluoroalkylsilane, its wettability was transformed to in-air superhydrophobicity and underwater superoleophilicity/aerophilicity. Therefore, six kinds of different superwetting states were obtained on the laser-induced microstructures. The formation mechanisms of these superwettabilities were discussed individually. Furthermore, the relationship between different superwettabilities was revealed.
■ EXPERIMENTAL SECTION
Fabrication of Surface Microstructure. The method of fs laser ablation was employed to creating a surface microstructure on an Al sheet. With the use of a plano-convex lens (focal length = 250 mm) the laser beam (wavelength = 800 nm, pulse width = 67 fs, repetition rate = 1000 Hz) was focused on the surface of the Al sheet that was mounted on a translation stage in advance. The Al surface was ablated by the laser at the power of 200 mW, the space of the scanning lines of 40 μm, and the scanning speed of 2 mm/s, respectively. The laserablated surface was finally cleaned with alcohol and distilled water in an ultrasonic cleaner. In this paper, the original laser-structured Al surface is defined as the "rough surface".
Reduction of the Surface Free Energy. To reduce the surface free energy of the laser-ablated Al substrate, the common fluoroalkylsilane modification was used in this experiment. After laser treatment, the cleaned sample was dipped into a 1% alcohol solution of fluoroalkylsilane (1H,1H,2H,2H-perfluorodecyltriethoxysilane) for 1 day. The sample surface was then lightly rinsed with ethanol to remove the excess fluoroalkylsilane molecules. Next, the Al sheet was stored at 100°C for 1 h, making the grafted fluoroalkylsilane monolayer more stable. The fluoroalkylsilanemodified rough surface is defined as the "F-rough surface" in this paper.
Characterization. The laser-induced structure was measured by an S-4100 scanning electron microscope (SEM, Hitachi, Japan), and the corresponding three-dimensional (3D) profile was obtained by a VK-9700 laser confocal microscope (Keyence, Japan). The wettabilities of the water droplet and the underwater oil droplet/ bubble on the as-prepared surfaces were investigated by a SL2000KB contact-angle measurement (Kino, America), including the contact angle (CA) and sliding angle (SA). The distilled water, chloroform, and air were adopted as the detecting water, oil, and bubble, respectively. The dynamic processes related to wettability were captured by a camera at 25 frames per second.
■ RESULTS AND DISCUSSION
Laser-Induced Microstructure. Figure 1a ,c,d includes the SEM images of the laser-ablated Al surface. Every laser scanning line could turn to a single groove, thereby an array of grooves was fabricated by line-by-line scanning (Figure 1a) . The depth of the grooves is ∼20.9 μm and the width is ∼35.2 μm (Figure 1b) . The microgrooves are arranged periodically, whose period (40 μm in this experiment) is controlled by the space of the laser scanning lines. The ridges are formed between the microgrooves. There are abundant nanoparticles randomly decorating the surface of every ridge that form a kind of micro/nanoscale hierarchical structure (Figure 1cd ). The deep microgrooves were mainly caused by the laser-induced material removal, while the nanoparticles resulted from the resolidification of the ejected particles during laser ablation. 32, 33 The used laser intensity in this experiment is very high and distributes as Gauss curve. The fluence at the spot center is the highest, resulting in a strong ablation at the laserfocused point. The irradiated materials on the Al surface are heavily removed away, so microgrooves are generated in the center of the laser scanning lines. During laser ablation, the material near the spot center is removed and sputtered above the Al substrate in the form of nanoscale molten particles. As such, the ejected particles fall back toward the Al surface and resolidify; abundant nanoparticles are formed on the surface of the microgrooves. As a result, a hierarchical microstructure was directly obtained by a one-step femtosecond laser treatment. Because the microgrooves are an inherent part of the Al substrate and the nanoparticles are recast onto the microgrooves, the femtosecond laser-induced microstructure is very stable.
Water Wettability. The water wettability of the laserstructured rough and F-rough surfaces was investigated by placing a water droplet on the sample surfaces. The original laser-ablated surface shows superhydrophilicity in air ( Figure  2a ). The water spread out quickly on the rough surface once the water droplet touched the laser-treated area ( Figure 3a and Movie S1 in the Supporting Information). Finally, the water CA (WCA) was only 1.7 ± 1.8°. Previously, the enhancement function of the hydrophilicity of the different solid substrates by the femtosecond laser-induced surface microstructures was already demonstrated. 34−37 The wetting state of the water droplet on the microstructure belongs to the Wenzel model ( Figure 2c ). 1 The water is able to fully wet the substrate; that 
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Article is, water can penetrate into the valley of the hierarchical microstructures, because of the inherent hydrophilicity of the Al material and the amplification effect of the rough microstructures toward surface wettability. Regarding the Frough surface that was treated by laser and fluoroalkylsilane, the water droplet maintained a spherical shape on such a surface with a WCA of 155.3 ± 1.2° (Figure 2b ). This droplet rolled off as the sample was tilted to 6.3 ± 1.2° (Figure 3d and Movie S2 in the Supporting Information). Therefore, the Frough surface exhibits superhydrophobicity and ultralow adhesion to water droplets. Similar ultralow adhesive superhydrophobicity can also be achieved on various inherently hydrophilic or hydrophobic materials by simple femtosecond laser treatment. 4,21,32,33,38−42 The cooperation between the laser-induced roughness and the low-surface-energy fluoroalkylsilane monolayer effectively inhibits the contact between the water droplet and the microstructure of the F-rough surface. The water droplet is at the Cassie contact state (Figure 2d ). 1 The water droplet looks like it is being lifted by the hierarchical microstructures and touches just the top part of the microstructures. So a small contact area between the microstructure and the water droplet leads to the superhydrophobicity of the F-rough surface. The Cassie wetting state can be confirmed by dipping the sample into water. It was found that a silver-mirror reflectance appeared around the textured area, which demonstrated the existence of a gas layer between the water and the substrate (Figure 2f) . 43, 44 In contrast, the mirror-like reflectance was not found after the immersion of an original rough surface in water (Figure 2e) .
Underwater Oil Wettability. If the laser-induced superhydrophilic rough surface was immersed in water, the surface would have an excellent oil-repellent function. The underwater oil (chloroform) droplet on the surface had an oil CA (OCA) of 155.1 ± 1.4°( Figure 4a ) and freely rolled away at a 1.9 ± 1.4°tilted surface (Figure 3b and Movie S3 in the Supporting Information), revealing that the hierarchical microstructure had superoleophobicity and extremely low oil-adhesion underwater. Such laser-induced underwater superoleophobicity is the same as Wu's result. 45 The formation of the ultralow oiladhesive superoleophobicity (in water) of the rough surface microstructure has a close relationship with its superhydrophilicity (in air). The microstructure is completely wetted by water in a water medium (Figure 4c) . After further placing an oil droplet onto the surface, a water cushion forms between the oil and the substrate (Figure 4e ). The cushion is 
Article the trapped water in the space between the surface microstructures. This trapped water provides a strong repulsive force to the oil droplet because of the repulsion between the polar and nonpolar molecules, preventing the oil from effectively touching the surface microstructures. The contact between such oil droplet and the rough surface is the underwater Cassie state. 1 After some time, the oil droplet keeps the sphere on the superhydrophilic surface in water (Figure 4g ). The extremely small oil−Al contact area results in great underwater superoleophobicity of the original laser-structured surface. In contrast, if the oil droplet had been dripped onto the rough surface in air, the oil would have fully wet the microstructure. Most of the oil contaminants were able to be cleaned by water as the oil-wetted rough surface was dipped into water due to the superhydrophilicity of the rough microstructure. 46 The F-rough surface shows a different oil-wettability from the rough surface in water. As the F-rough surface was immersed in water and then a small oil droplet was placed on this surface, the droplet spread out on the substrate after the two surfaces just touched each other (Figure 3e and Movie S4 in the Supporting Information). Finally, the oil droplet had a very small OCA of 2.5 ± 2.5°on the F-rough surface, demonstrating the underwater superoleophilicity of the Frough surface (Figure 4b) . Such a result agrees well with the underwater superoleophilicity of the fs laser-structured superhydrophobic Ti surface. 47 An ultrathin air layer forms between the surface microstructure and the surrounding water as the superhydrophobic surface is submerged in water (Figure 4d ). The existence of this air layer is the direct result of the ultralow adhesive superhydrophobicity of the F-rough microstructure and is verified by the mirror-like reflectance (Figure 2f ). When an oil droplet is moved into contact with this substrate, the droplet touches not only the top of the solid microstructures but also the trapped air layer (Figure 4f ). Then the oil droplet enters into this thin air layer and is able to rapidly spread out along such an air layer under water pressure and the capillary effect (Figure 4f,h) . As the oil occupies the spaces between the surface microstructure, gas is pushed outward and even out of the microstructure (see the last image in Figure 3e) . As a result, the oil fully wets the F-rough microstructure, agreeing well with the underwater version of the Wenzel state ( Figure  4h ). 1 Underwater Bubble Wettability. The behavior of an underwater bubble on the sample surface is very similar to that of an oil droplet. The rough surface showed superaerophobicity and ultralow adhesion to air bubbles in water. The bubble on the rough microstructure had a spherical shape with the bubble CA (BCA) of 154 ± 1° (Figure 5a ). Once the sample was tilted to 0.5 ± 0.5°, the bubble easily rolled off (Figure 3c and Movie S5 in the Supporting Information). On the contrary, a small bubble spread out within 40 ms when the bubble was dispensed on the F-rough surface in water ( Figure  3f and Movie S6 in the Supporting Information). Therefore, the F-rough surface exhibited underwater superaerophilicity with a BCA of 9.4 ± 3.6°to the bubbles (Figure 5b) . Previously, we achieved underwater superaerophobicity and superaerophilicity on the fs laser-treated Si surface and the polydimethylsiloxane (PDMS) surface, respectively. 22 The superhydrophilic rough surface is completely wetted by water in a water medium, even if the laser-treated side faces down (Figure 5c ). If an air bubble is dispensed onto the rough surface in water, the bubble is repelled by the water trapped in the surface microstructure, as shown in Figure 5e . The strong repulsion is caused by the incompatibility between the water and the air. The efficient touch between the gas and the solid microstructure is prevented by this trapped water layer. Such an extremely small contact area does not increase after some time, allowing the bubble to be at the stable underwater Cassie state on the rough surface ( Figure 5g) . As a result, the laserinduced rough microstructure has underwater superaerophobicity. Regarding the ultralow adhesive superhydrophobic Frough surface, a thin layer of air is formed on the textured area after immersion of the sample in water (Figure 2f and 5d) . When an underwater bubble comes in contact with the Frough surface, the gas in the bubble can easily enter into this trapped air layer, driven by the pressure of the water environment (Figure 5f ). The bubble and the trapped air layer finally merge together. The bubble looks like it is being absorbed by the F-rough surface; thereby, such an F-rough surface shows underwater superaerophilicity (Figure 5h) .
Relationship between the Different Superwettabilities. Different superwettabilities were obtained on the laserstructured Al surface, including superhydro-philicity/phobicity, underwater superoleophobicity/philicity, and underwater superaerophobicity/philicity. The original laser-induced hierarchical microstructures are superhydrophilic and have underwater superoleophobicity and superaerophobicity. On the contrary, the fluoroalkylsilane-modified microstructures become superhydrophobic and exhibit superoleophilicity and superaerophilicity in water. The superhydrophilicity, superoleophilicity, and superaerophilicity of the material surfaces allow them to have the ability to absorb/capture/collect water, oil (underwater), and gas (underwater), whereas the surfaces with superhydrophobicity, superoleophobicity, and superaerophobicity have antiwater, antioil (underwater), and antibubble (underwater) functions, respectively. It is demonstrated that the underwater oil/bubble wettabilities of a material surface are strongly associated with its water wettability. Figure 6 shows the relationship between the above-mentioned different superwettabilities. Hierarchical microstructures were simply built on the Al substrate by laser ablation (Figure 6a ). The surface microstructure is able to amplify the wettability of the Al surface from intrinsic hydrophilicity to superhydrophilicity (Figure 6b) . The contact between the in-air water droplet and the rough microstructure agrees well with the Wenzel state in which water fully wets the surface microstructure. If the sample is submerged in water, a water layer will be formed in the surface microstructure. At present, the oil droplet and bubble that are released onto the microstructure are at the underwater Cassie state. Therefore, the rough surface shows underwater superoleophobicity ( Figure 6d ) and superaerophobicity ( Figure 6e ). Fluoroalkylsilane modification is a common way to lower the surface energy of a solid substrate. After fluoroalkylsilane modification, the laser-induced microstructure turns to superhydrophobicity (Figure 6c ). The water droplet only touches the peak of the Frough microstructure and is at the Cassie state. A gas layer will be generated between the surface microstructures once the sample is dipped into water. At present, when an underwater small oil droplet or a bubble touches the F-rough structure, the oil/air in the droplet/bubble easily disperses along this thin air layer, resulting in an underwater Wenzel contact state at the interface of the oil droplet/bubble and the F-rough surface. As a result, the F-rough surface exhibits superoleophilicity ( Figure  6f ) and superaerophilicity (Figure 6g ) in water. 
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Most superhydrophilic surfaces will show superoleophobicity and superaerophobicity after immersion in water, while most superhydrophobic surfaces with ultralow water adhesion will exhibit underwater superoleophilicity and superaerophilicity. The superhydrophilicity of the hierarchical microstructures can be switched to superhydrophobicity by chemical modification with a low-surface-energy monolayer (Figure 6c ). The obtained superhydrophobicity can also get back to superhydrophilicity through the removal of the chemical coating (e.g., by slight oxygen plasma irradiation) or further chemical modification with a high-surface-energy monolayer (Figure 6b ). Therefore, the obtained different superwettabilities can be transformed from and to each other.
Generally, superhydrophobic surfaces can always preserve their superhydrophobicity in air. In contrast, most superhydrophilic surfaces will gradually lose superhydrophilicity in air because such surfaces tend to absorb environmental carbon contaminants. 48 Fortunately, superhydrophilicity can be preserved for a very long time by storing the superhydrophilic surfaces in water. We find that the laser-induced rough surface has excellent superhydrophilicity, underwater superoleophobicity, and underwater superaerophobicity for more than one month as long as the sample is stored in water, while the laserinduced F-rough surface is able to always preserve superhydrophobicity, underwater superoleophilicity, and underwater superaerophilicity even the sample is stored in air.
■ CONCLUSIONS
In conclusion, different superwettabilities (including superhydrophilic, underwater superoleophobic, underwater superaerophobic, superhydrophobic, underwater superoleophilic, and underwater superaerophilic properties) were obtained on Al substrate with a fs laser-induced microstructured pattern. There is a close relationship between these superwettabilities, summarized from the experimental and theoretical analyses. The original laser-induced hierarchical microstructure is superhydrophilic, and it shows superoleophobicity/aerophobicity after immersion in water. When the microstructure is simply modified with fluoroalkylsilane, it switches to superhydrophobic properties in air. At present, the underwater superoleophilicity/aerophilicity are exhibited by the modified hierarchical microstructures. It is demonstrated that the underwater oil/bubble wettabilities of a solid surface are strongly influenced by its water wettability. The superhydrophilicity and the superhydrophobicity of the textured surface can be reversibly switched by the alternate low-surfaceenergy chemical modification and the removal of this coating. Hence, six states of superwettabilities can be realized on the same laser-treated substrate. The superhydrophilicity/oleophilicity/aerophilicity allow the sample surfaces to have the ability to absorb/capture water, oil, and gas, whereas the superhydrophobicity/oleophobicity/aerophobicity endow the sample surfaces with antiwater, antioil, and antibubble functions, respectively. The reported relationship between the abovementioned superwettabilities has vital significance in the efficient design and preparation of different superwetting materials.
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